Abstract: Engineered strong photon-photon interactions would enable a broad range of applications in quantum information processing. We demonstrate, using an ensemble of atoms strongly coupled to an optical cavity, that light transmission through an opaque medium may be controlled with a few photons and even with the electromagnetic vacuum field. The vacuum field induces 40% transmission, accompanied by a group delay of 25 ns, which corresponds to the light pulse propagating at 1600 m/s through the medium. The transmission increases to 80% when ~10 photons are injected into the cavity. The strong optical nonlinearity at a few-photon level observed in this system opens prospects for advanced quantum devices such as photon-number-state filters.
Introduction
Control of a photon with a photon would allow for a broad range of applications in quantum information processing such as single photon switches and all optical quantum gates. Photons, however, do not interact among themselves in vacuum. Engineering of strong coherent interactions between individual photons has therefore been actively pursued in the recent years. The two main approaches have been the use of electromagnetically induced transparency (EIT) [1, 2] , and a single emitter strongly coupled to a cavity (cavity quantum electrodynamics; cQED) [3] , mediating photon-photon interaction with matter in both cases. EIT takes advantage of quantum interference in matter to induce low-loss light-light interaction, but typically requires a large number of photons. cQED with single emitters utilizes the enhancement of electromagnetic field in a cavity to generate strong photon-matter coupling, but at the expense of fairly large input-output coupling losses and the technical challenges of the spatial positioning of the emitter. We demonstrate here that, by combining the two approaches using an ensemble of atoms strongly coupled to an optical cavity, we can take EIT to an extreme limit where the transmission of a photon through a medium is controlled by a few photons and even by the cavity vacuum field. The limit with the vacuum field amounts to the mere presence of a cavity rendering an otherwise opaque medium transparent. We call this effect vacuum-induced transparency (VIT) to distinguish it from the recently observed cavity EIT with a single atom whose cavity-enhanced absorption is suppressed by a classical control field containing many photons [4, 5] . In contrast, VIT may be realized even with a total of one photon in the entire system. With the probe field incident from the side, rather than onto the cavity, the inputoutput coupling losses are mitigated in this system. Additionally, VIT is expected to give rise to a novel nonlinear effect where the accompanying group delay depends on the photon number in the input pulse [6] . Such nonlinearity opens realistic prospects for advanced quantum devices such as photon Fock state filters and non-destructive photon-number-resolving detectors.
The Principles of VIT
In a conventional EIT system, there are two fields (probe and control fields) incident on the atoms that provide coupling on the two legs of a Λ system. When the two-photon resonance condition is satisfied between the two fields, the two excitation-paths interfere destructively, canceling the absorption of the probe field by the otherwise opaque atoms. A sharp transparency window thus opens around the two-photon resonance, which is accompanied by a steep dispersion curve, giving rise to a large group delay of the input pulse [2, 7] .
For VIT, the control field is replaced by an empty optical cavity (initially containing no photons) with the vacuum Rabi coupling (Fig. 1a) [8, 9] . In this case, the resonant optical depth of the atoms is effectively reduced by a factor of 1+η, where η is the single-atom cooperativity parameter of the cavity [10] . The transparency peak height therefore increases for larger η. An important aspect of VIT is the nonlinearity on the probe photon number. Because the only source of photons in the cavity is the probe photons scattered by the atoms, the photon number n c in the cavity is determined by the probe photon number n p . Therefore, the control coupling strength, and consequently the group delay [2] , depends on n p , separating different photon number components of the probe pulse after it passes through the atomic sample [6] . 
Experiment
The experimental setup for VIT is shown in Fig. 1b . The system consists of an ensemble of cold cesium atoms trapped within a high-finesse cavity and addressed by a probe beam in the transverse direction. The cavity has a finesse of 63,000 and a line width of κ = 173(13) kHz. The cooperativity parameter for cesium atoms in this cavity is η = 7.2 at an antinode for unity oscillator strength. In order to observe VIT, a substantial atomic absorption is required in a direction transverse to the cavity mode. We employ a relatively long (1.4 cm) cavity, with sufficient optical-access to operate a magneto-optical trap inside. As a result, ~10 5 atoms are loaded into an intra-cavity one-dimensional optical lattice with a peak density of 1.1x10 11 /cm -3 . The Λ system is chosen to (Fig. 1a) to provide a good combination of oscillator strengths on both legs (f ef =0.42, f eg =0.47). The quantization axis is defined by a magnetic field of 1.6 G along the x-direction (parallel to the probe beam propagation direction). The probe beam is σ + -polarized and is tightly focused to a waist size of 2.3 µm at the atoms. With more than 90% of the atoms optically pumped into the € f state, we achieve an optical depth of 0.4. Figure 2 shows the transmission probability of the probe field through the atomic sample as well as the photon leakage probability out of the cavity mode as a function of the probe frequency for various cavity mode frequencies. When the cavity mode is far off the € g to € e transition (Fig. 2a) , we observe a Lorentzian absorption profile with a line width of 5.46(7) MHz, corresponding to the natural line width of the atoms with a slight broadening due to laser frequency fluctuations. When the cavity mode is tuned close to the € g to € e resonance, however, a sharp transparency peak appears around the two-photon resonance with the probe field ( Fig. 2b-d ). An additional small peak is visible on the lower-frequency side of the main peak on each of the spectra, originating from another VIT condition satisfied with € ʹ′ g = 6S 1/2 ,4,3 , which is Zeeman shifted by ~0.6 MHz. The spectra show excellent agreement with the EIT model [2] , when the control field coupling is replaced by the cavity vacuum coupling. In order to observe the delay accompanying the VIT, we send a Gaussian pulse with duration of 1.73 µs through the sample and compare the arrival time of the pulse with free-space propagation. The pulse duration is chosen to fit into the spectral width of the transparency window. The result is shown in Fig. 3 . We observe a delay of 25 ns, in reasonable agreement with 35 ns calculated from the model. The observed delay corresponds to the pulse propagating through the sample at the velocity of 1600 m/s, close to the speed of sound in water. The delay is small in the present system due to the relatively small optical depth of the sample. The observation nevertheless proves experimentally that a vacuum control field can indeed delay a probe pulse. Finally, we investigate the optical nonlinearity intrinsic to the system. In order to do so, we inject photons into the cavity mode and observe the transmission of the probe field in the transverse direction. As shown in Fig.  4 , the transparency (defined by
Results
denotes the resonant transmission with (without) the control field) depends strongly upon the intracavity photon number n c , changing from 40% to 80% with 10 injected photons in the cavity. 
Conclusions
We have demonstrated that the cavity vacuum field can induce transparency in a resonant atomic medium. The transparency is accompanied by a group delay of 25 ns. Increasing the optical depth by further cooling of the sample or by a multi-pass geometry of the probe field will enable us to employ this technique to realize a photon Fock state filter [6] . In a dual-input setup, where a second probe beam is incident on the atoms parallel to the first, the photons in the two beams should influence each other even when they are spatially separated. Using the nonlinearity observed in Fig. 4 in such geometry opens prospects of multimode quantum optics with strong nonlinearity, with advanced quantum devices well within experimental reach.
